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PREFACE 
The following thesis describes an overview of the outcomes of the research work 
that I have conducted as a partial fulfillment of the requirements for the Master of 
Science degree in the Department of Chemistry, Western Kentucky University. 
Chemistry, as the central science, can be utilized to uncover hidden truth behind 
all the phenomena in the universe by which we are surrounded. This is the main reason 
that drove me to choose chemistry as my major. Nanochemistry, as an emerging field of 
science, contains a vast amount of hidden details to be uncovered. How wonderful it is to 
know that changing the properties of materials at the nanoscale could change their 
properties at the macroscale in an entirely different manner. This is why I love 
nanochemistry and love to conduct research in the field. As a scientist who loves to 
uncover hidden truth by carrying out this research, I have learned much and have been 
able to contribute in very modest scale to this vast area of chemistry.   
As a young scientist who loves to play with materials, I have great dreams of 
future achievements. Although the future is uncertain, I will follow my instincts and try 
to be better and better every single day, until I achieve my dreams and contribute more to 
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Department of Chemistry Western Kentucky University 
Various synthetic methods have been developed to produce metal nanostructures 
including copper and iron nanostructures.  Modification of nanoparticle surface to 
enhance their characteristic properties through surface functionalization with organic 
ligands ranging from small molecules to polymeric materials including organic 
semiconducting polymers is a key interest in nanoscience. However, most of the synthetic 
methods developed in the past depend widely on non-aqueous solvents, toxic reducing 
agents, and high temperature and high-pressure conditions. Therefore, to produce metal 
nanostructures and their nanocomposites with a simpler and greener method is indeed 
necessary and desirable for their nano-scale applications. Hence the objective of this 
thesis work is to develop an environmentally friendly synthesis method to make well-
defined copper and iron nanostructures on a large-scale. The size and shape-dependent 
optical properties, solid-state crystal packing, and morphologies of nanostructures have 
been evaluated with respect to various experimental parameters.    
Nanostructures of copper and iron were prepared by developing an aqueous phase 
chemical reduction method from copper(II) chloride and Fe(III) chloride hexahydrate 
upon reduction using a mild reducing agent, sodium borohydride, under an inert 
atmosphere at room temperature. Well-defined copper nanocubes with an average edge 
xvii 
 
length of 100±35 nm and iron nanochains with an average chain length up to 1.70 µm 
were prepared. The effect of the molar ratios of each precursor to the reducing agent, 
reaction time, and addition rate of the reducing agent were also evaluated in order to 
develop an optimized synthesis method for synthesis of these nanostructures. UV-visible 
spectral traces and X-ray powder diffraction traces were obtained to confirm the 
successful preparation of both nanostructrues. The synthesis method developed here was 
further modified to make poly(3-hexylthiophene) coated iron nanocomposites by surface 
functionalization with poly(3-hexylthiophene) carboxylate anion.   Since these 
nanostructrues and nanocomposites have the ability to disperse in both aqueous-based 
solvents and organic solvents, the synthesis method provides opportunities to apply these 
metal nanostructures on a variety of surfaces using solution based fabrication techniques 
such as spin coating and spray coating methods. 
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INTRODUCTION 
1.1 Overview 
The development of nanoscience has led to the ability to design, synthesize, and 
develop a wide variety of organic, inorganic, and metallic nanostructures. By controlling 
morphologies and architectures at the nanoscale, there is a promise for utilizing 
nanostructures in a wide variety of applications. In recent decades, there has been much 
research conducted on the synthesis of metal nanostructures for use in various 
applications in electronic, pharmaceutical, and environmental fields. To be employed in 
such fields, these nanostructures need to have certain properties governed by their 
morphologies, specifically their sizes and shapes. These properties mainly occur due to 
the phenomenon called “Surface Plasmon Resonance (SPR).1-5 Surface Plasmon 
Resonance is defined as the absorption of visible electromagnetic waves by the collective 
oscillation of conduction electrons at the surface.6  
A variety of metal nanostructures derived from silver (Ag),7 gold (Au),8 platinum 
(Pt),9 palladium (Pd),10 titanium (Ti as TiO2),
11-12 copper (Cu)1-2,13-16 and iron (Fe and 
Iron oxides)17-18 have been synthesized to date. By applying various synthesis methods to 
control morphologies and nanoscale sizes of these metals, nanostructures with different 
shapes such as spherical particles,19 cubes,15 rods,20 wires,21-22 chains,23 prism,24 
polyhedra25 and plates26 have been introduced. 
Among these metals, Ag and Au are the most widely used metals to make 
nanostructures. Silver has the lowest electrical resistivity and highest thermal 
conductivity, which makes it a valuable metallic candidate for electronic devices. 
However, in practical use these metals have the drawback of their high cost, which limits 
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their large-scale applications. Additionally, Ag has the disadvantage of low resistivity 
towards ion migration.27 Therefore, finding alternative conductive metal nanostructures 
are necessary for their wide application. Copper has been a promising conductive metal 
for replacing silver. Cu has almost the same electrical resistivity and thermal conductivity 
as Ag, and possesses considerable resistance toward ion migration. As a result, synthesis 
procedures have been developed to make Cu nanostructure in different morphologies. 1-
2,13-16 
According to the progress made in past decades, many chemical, physical, and 
biological methods have been reported for the synthesis of Cu nanostructures. Chemical 
reduction,1-2 microemulsion,28 photochemical,29 electrochemical,30 and thermal 
decomposition31 are popular chemical methods. In the majority of chemical methods, 
morphologies of the nanoparticles are governed by temperature and the molar 
concentrations of the precursors and the surfactant used. Physical methods involve pulse 
laser ablation/deposition,32 mechanical/ball milling, pulsed wire discharged (PWD)33 
methods. In physical methods, time and temperature are critical factors, which determine 
the quality of the final product. Cu nanoparticles have also been biologically synthesized 
on a small scale by using bacteria,34 fungi35 and plants36 where biological conditions were 
essential factors. 
Iron is another metal candidate, which has been employed in electrical and 
magnetic devices at the nanoscale. Many reported methods of preparing Fe 
nanostructures include thermal decomposition.37 sonochemical decomposition,38 
chemical reduction,17 and vapor deposition.39 The same factors which govern the 
morphology of Cu nanostructures effects the morphology of Fe nanostructures. 
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The physical methods of Cu and Fe nanostructure synthesis are uneconomical due 
to the use of vacuum systems, expensive equipment and high temperatures. The 
biological processes need more study and experience to achieve better results. Compared 
to physical and biological methods, chemical synthesis methods are simple, versatile, 
economical, and produce in high yields. Among such methods, the chemical reduction 
method is considered the most convenient and economical path to make metal 
nanoparticles.1-2,17 But most of the developed chemical reduction methods still use toxic 
reducing agents,1 non-aqueous solvents,15,40 high temperatures15 , capping ligands1-2,13 
and longer reaction times to produce nanostructures. Therefore, an economical less time 
consuming aqueous phase synthesis method for the preparation of copper and iron 
nanostructures with controlled morphologies is in high demand. 
In order to enhance the properties of metal nanostructures, incorporating organic 
polymers to form metal-organic nanocomposites has been reported widely in previous 
decades.41-49 By coating the surface of metal nanostructures with either dielectric or 
semiconducting polymers, the electrical characteristics of these materials can be 
enhanced and improved significantly.43,45  
1.2 General Goal of the Research 
The general goal of the research work described here is to develop an aqueous 
phase green synthesis method to produce copper and iron nanostructures while 
controlling their morphologies with the intention of using them for the construction of 
electronic devices, particularly for solar cells. The novel method developed here may 
help overcome the following limitations;  
(1) Use of non-aqueous solvent media, 
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(2) Use of capping agents to control the morphology, 
(3) High temperatures, 
(4) Long reaction times, 
(5) Poor control over particle morphology, 
This project will target three objectives:  
Objective 1: Synthesis of Cu and Fe nanostructures in an aqueous medium at room 
temperature under an inert atmosphere. 
Objective 2: Study of their morphologies with respect to the molar ratio of the precursor 
to reducing agent, and addition rate of the reducing agent.  
Objective 3: Preparation of metal-organic hybrid nanocomposites using a surface grafting 
method with semiconducting polymeric materials. 
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BACKGROUND 
2.1 Overview 
The development of novel synthesis methodologies to produce a variety of 
nanostructures has been rapidly advancing due to their unique optoelectronic properties at 
the nanoscale. Nanoscale materials exhibit unique physical and chemical properties 
compared to bulk materials. In particular, the optical transparency, electrical 
conductivity, hardness, and resistivity towards chemical reactions tend to change when 
such materials are synthesized at the nanoscale. Bulk gold appears yellow in color, 
whereas nanoscale gold is red in color. Bulk zinc oxide appears white in color and nano-
scale zinc oxide is clear. Carbon nanotubes are stronger than steel. Moreover, the melting 
temperatures of metals are observed to be lower at the nanoscale compared to macroscale 
materials. For example, Au nanoparticles can be sintered at a lower temperature than its 
macroscale melting temperature, which is 963°C.13 Due to such properties, nanoscale 
metal particles have proven useful for variety of applications, which has led to the 
interest in synthesis of these materials at the nanoscale.  
2.2 Synthesis Approaches of Metal Nanostructures 
Nanomaterials including metal nanostructures are synthesized via two main 
approaches, which are the top down approach and the bottom up approach. The top down 
approach is the slicing or cutting down of a bulk material to a nanometer scale structure. 
For example, milling is a widely known top down approach to make nanoparticles,50 
where different types of raw materials are fed into mechanical mills to produce nanoscale 
materials. In the bottom up approach, atomic, ionic or molecular units are assembled 
through various processes to form nanostructures. The bottom up approach is often 
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achieved using a heterogeneous system where the atoms or nuclei of a material are 
dispersed in a solvent phase. The majority of solvent based methods for nanoparticle 
synthesis follows the bottom up approach.1-2,28 Although the top down approach is able to 
produce nanomaterials on large-scale, there is a disadvantage of producing nanoparticles 
with surface defects which limits their applications. However, the bottom up approach 
produces nanoparticles with fewer defects and in more homogeneous morphologies since 
synthesis methods can be fine-tuned to control the sizes and shapes of the nanomaterials. 
Therefore, the current trend in synthesizing nanostructures is mainly based on bottom-up 
approaches. 
2.3 Synthesis of Metal Nanostructures 
The synthesis of metal nanostructures is an essential component in nanoscience 
and nanotechnology, and advances in this field largely dependent on the ability to 
synthesize nanostructures of various metals, sizes and morphologies. It is commonly 
observed that properties of metal nanostructures largely depend on the size, shape, 
composition, crystallinity and structure. A variety of methods have been developed, and 
continue to be developed, to control these parameters and, hence, achieve the 
requirements for various applications. Such synthesis procedures for Cu and Fe 
nanostructures can be mainly categorized into biological, physical, and chemical 
methods. These synthesis processes frequently involve organic or inorganic capping 
agents in order to prevent oxidation under ambient conditions.51,52  
2.3.1 Biological Methods for Cu and Fe Nanostructure Synthesis  
The biological synthesis of Cu and Fe nanostructures has been achieved through 
the involvement of microorganisms such as bacteria and fungi or plants to synthesize 
7 
 
nanoparticles. 53-55,56 The chemical environments inside these living organisms provide 
the reaction medium and facilitate the formation of nanostructures. Ramanathan etal., 
used morganella bacteria under aqueous physiological conditions to synthesize Cu 
nanoparticles.53 Pavani and coworkers reported a method of synthesizing Cu 
nanoparticles using the Aspergillus species of fungi.54 Fe nanoparticles based on 
magnetite (Fe3O4) have been shown to be produced by the fungi F. oxysporum and 
Verticillium sp in a work reported by Bharde and coworkers.56 Bio-extracts of plants such 
as flavonoids, proteins, terpinoids can act as reducing agents as well as capping agents to 
form and minimize the aggregation of nanoparticles. Copper nanoparticles were also 
synthesized using the plants Helianthus annus (Sun flower), Brassica juncea (Indian 
mustard) and Medicago sative (Alfa alfa) by Bali et al.55 Spherical copper nanoparticles 
of 5-40 nm size were produced by Subhankari and Nayak in an aqueous extract of 
Syzygium aromaticum (cloves).57 In summary, the biological methods have minimal toxic 
effects on the environment and provide better control of the size of the nanostructures. 
However, longer reaction times and a lack of understanding of the particle formation 
mechanisms are drawbacks of these methods which limits their applicability.   
2.3.2 Physical Methods for Cu and Fe Nanostructure Synthesis 
Physical methods for metal nanostructure synthesis utilize the top down approach 
in which a block of a bulk material is whittled or sculptured to yield nanostructures. 
Physical methods are fast. There is no involvement of toxic chemicals and they have the 
ease of operation in many cases. However economically, these methods are unfavorable 
due to the use of high temperatures, vacuum conditions, and expensive equipment. The 
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following subsections will discuss some of the common physical methods available for 
Cu and Fe nanostructure synthesis. 
2.3.2.1 Mechanical/Ball milling Method 
Milling is a solid state processing technique, which belongs to the top down 
approach. Raw materials of micron size are fed to the mills and undergo several stages of 
grinding to be processed into nanoparticles. Planetary, vibratory and uniball mills are 
common mechanical mills used by industry to produce copper nanoparticles.58 The 
quality of the final product is affected by the type of the mill, temperature, time, milling 
speed, atmosphere, and container.59 Mills are economical and have the ease of operation 
for large scale production of nanostructures. The disadvantages associated with this 
method are the difficulty of producing ultrafine particles and the inability to avoid surface 
defects in the nanoparticles produced. 
2.3.2.2 Pulse Laser Ablation/deposition  
In pulse laser ablation, a material is irradiated with a high power pulsed laser 
beam to produce a plasma, which is then converted into a colloidal solution of 
nanoparticles. This method produces Cu nanoparticles in solvents as colloidal forms to 
prevent the oxidation.60 The solvent, pulsing time, number of pulses, and the laser type 
define the quality of the final product. Lee, et al., produced Cu nanoparticles in deionized 
water in the range of 10-50 nm using this method.61 Kim, et al., synthesized Cu 
nanoparticles in the size range of 2-20 nm in polysiloxane medium applying the pulse 
laser ablation method.62 The pulse laser ablation is a fast and easy method to produce 
nanomaterials. Economically, this method is not applicable in industrial settings due to 
the high cost of the required equipment. 
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2.3.2.3 Pulsed Wire Discharge Method (PWD) 
In PWD a pulse current is employed to produce a vapor by evaporating a metal 
wire after which it is cooled by an ambient gas to produce metal nanoparticles. This 
method is applicable to any good conducting metal which can be used to form wires. 
Dash, et al., used this method to produce Cu nanoparticles in the size range of 16.11-
43.06 nm by applying 22 kV power, 0.1 Mpa pressure and 3 µF capacitance.63 Cu 
nanoparticles coated with an organic layer were synthesized by Muraia and coworkers by 
applying the PWD method using a Cu wire in an oleic acid vapor. The nanoparticles 
produced in this manner were in the range of 10-25 nm.64 The applicability of the PWD 
method is also limited in industry due to high cost of the equipment involved in the 
synthesis process.   
2.3.3 Chemical Methods for the Synthesis of Cu and Fe Nanostructures 
Chemical methods for nanoparticle synthesis belong to the bottom up approach, 
where nanostructures are synthesized in a dispersion medium using nuclei/atoms of the 
starting materials. These methods are more widely applied in the synthesis of metal 
nanostructures compared to physical and biological methods, due to the flexibility in 
controlling the morphologies of the nanostructures produced by changing the reaction 
parameters. Microemulsion methods, photochemical methods, thermal decomposition 
methods, electrochemical methods, and chemical reduction methods are long established 
synthetic techniques, which are classified under this category. Among these methods, 
thermal decomposition and chemical reduction methods have been widely employed for 
both Cu and Fe nanostructure synthesis. 
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2.3.3.1 Microemulsion/Colloidal Method 
The microemulsion technique is used to synthesize metal nanostructures in two 
immiscible liquids, which could be water in oil, oil in water, or water in super critical 
carbon dioxide. With an aid of a surfactant, this method is capable of producing a 
thermodynamically stable dispersion of nanoparticles. The emulsion and surfactant play 
important roles in this process.65 The immiscible water and oil become miscible in an 
emulsion due to the fact that the surfactant is capable of bridging the interfacial tension 
between the two fluids.66 The reverse micelle method is a method using the 
microemulsion technique where two inverted emulsions of water and oil are used for the 
synthesis. This technique has been applied to synthesize Cu nanomaterials in the past. 
Kaminskiene, et al., were able to employ the reverse micelle method to produce Cu 
colloids in 1,4-dioxane with a size distribution of 70-80 nm.67 The reported method 
employed hydrazine hydrate to reduce Cu metal salts to form Cu colloids. Salzemann and 
coworkers used the same method to produce Cu nanoparticles with a size range of 3-13 
nm.28 The reported reverse micelle method demonstrates the capability of increasing the 
size of the produced Cu crystals by increasing the water content in the medium. In order 
to achieve better control over the synthesis using the microemulsion technique, 
understanding the physical properties, controlling thermodynamics, and reaction 
mechanism are essential factors. However, the use of organic solvents, which are critical 
in most of the methods, make them environmentally unfavorable. 
2.3.3.2 Photochemical Method 
The photochemical method utilizes a beam of radiation to produce active reducing 
agents such as radicals, electrons and excited components, which will be incorporated 
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into the synthesis process. In this technique, the desired salt solution of the metal is 
prepared in water or alcohols or organic solutions and exposed to electromagnetic 
radiation to produce the nanostructures. The method utilizes radiation in the range of 300 
MHz – 300GHz. The use of stabilizers and non-aqueous solvents are common with this 
method. Zhu and coworkers were able to produce Cu nanoparticles with a size of 10 nm 
using CuSO4 as the precursor and sodium hypophosphite as a reducing agent in a non-
aqueous medium of ethylene glycol utilizing this method.29 In another reported work, 
Kapoor and Mukherjee synthesized Cu nanoparticles (~15 nm in size) using the organic 
stabilizer, poly (N-vinylpyrrolidone), by employing the photochemical method. The light 
intensity, nature of the sensitizer and surfactant concentration are size-determining 
factors for the nanoparticles produced by these methods.68  
2.3.3.3 Thermal Decomposition 
As the name implies, thermal decomposition method produces nanoparticles via 
decomposing a metal compound or salt with the aid of heat. The synthesis process is 
performed inside an autoclave or similar compartment under controlled temperature and 
pressure. The solvent medium for the synthesis can be either aqueous or non-aqueous. 
Usually, a hydrothermal process (aqueous medium based) is the most common in this 
technique. Baco-Carles, et al., produced copper nanoparticles in a size range of 3.5-40 nm 
by applying the thermal decomposition method under both nitrogen and hydrogen gasses 
in a water and butyl alcohol medium.69 Chen and coworkers employed the hydrothermal 
method to obtain Cu nanoparticles in different sizes, where the temperature and the 
surfactant sodium dodecylbenzenesulfonate (SDBS) were critical factors in determining 
the size and shape of the final product.31 Kim, et al., also reported a method of producing 
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Cu nanoparticles using an aqueous solution of a Cu-oxalate complex applying the same 
method.70 These nanoparticles were in the range of 8.9±1.3 nm.  
Synthesis of Fe nanostructures via thermal decomposition is a prevalent method 
where the choice of a starting material plays a key role. The most widely used compound 
in this context is iron pentacarbonyl [Fe(CO)5], which is considered to be easily 
decomposed.71,72 However, preparing Fe nanostructures by this method is complicated 
due to the lack of control over the reaction rate which can result a wide size distribution 
of nanostructures.71-72 Despite the draw backs, the thermal decomposition of Fe(CO)5 has 
been employed in many reported studies to produce the Fe nanostructures. A polymer 
catalyzed decomposition of iron pentacarbonyl was reported by Smith and Wychick to 
produce iron nanoparticles in the range of 6-20 nm.72 Han, et al., reported the synthesis of 
highly magnetic iron nanoparticles via the thermal decomposition method using NaCl as 
a size and shape controller.73 In another work reported by Dumestre and coworkers, iron 
nanocubes with a size of 7 nm were synthesized by thermal decomposition of [Fe{N-
(SiMe3)2}2] under a hydrogen atmosphere.
74 The heat is a critical factor in thermal 
decomposition reactions where the reaction mixtures need to be maintained above room 
temperature, which requires the use of heat and pressure resistant containers. 
2.3.3.4 Electrochemical Method 
In the typical electrochemical method, nanoparticles are synthesized by passing 
an electric current between two electrodes, called the anode and cathode, separated by an 
electrolyte. The synthesis process takes place at the electrode/electrolyte interface, where 
the electricity is considered the process control force. The method utilizes electrolytes 
with metal ions for the synthesis of metal nanostructures. Raja, et al., successfully 
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synthesized Cu nanoparticles in the size range of 40-60 nm in 30 minutes using CuSO4 
and sulfuric acid as the electrolyte.75 Zhang and coworkers fabricated Cu nanoparticles 
and nanofibers using an electrochemical milling method.76 Iron nanoparticles with 
different sizes have been synthesized in a work reported by Ray and coworkers 
implementing a simplified electrochemical route.77  In the described method size control 
of the nanoparticles were achieved by tuning the reaction conditions. The advantages of 
this method include the avoidance of vacuum systems, less contamination, low cost, 
simplicity of use and environmental friendliness. However, these methods are under 
study for their application to an industrial scale. 
2.3.3.5 Chemical Reduction Method for Cu and Fe nanostructure synthesis 
The chemical reduction method is considered to be the easiest, simplest and most 
widely used method for metal nanostructure preparation including Cu and Fe. The 
method converts metal species of a higher oxidation state (eg: Cu2+, Fe3+) to a lower 
oxidation state metal or metal ion to produce nanostructures. A variety of reducing agents 
have been used to produce Cu and Fe nanostructures including sodium borohydride,2,17,78-
79,80, hydrazine1,81,82, lithium borohydride,83 hypophosphite,84ascorbic acid,40 isopropyl 
alcohol with cetyltrimethylammonium bromide (CTAB),85 polyol86 and glucose.87 The 
process is usually performed in a solvent phase where the produced nanostructures are 
obtained as a dispersion of solid particles. The possible aggregation and oxidation of the 
product is minimized by employing capping agents and surfactants in to the synthesis 
medium.1-2,40,88,91-94 The chemical reduction method provides flexibility of morphology 
control of the final product via manipulating the reaction parameters. 
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The chemical reduction method has employed using both aqueous and non-
aqueous mediums to yield Cu and Fe nanostructures. Aqueous phase methods are 
performed under an inert gas atmosphere or with the aid of antioxidants to avoid possible 
oxidation of the products. These methods employ capping agents, surfactants/stabilizers, 
or seeding agents to achieve a better control over morphology.1-2,17,88 Many studies have 
assessed the influence of the molar ratio of precursor: capping agent/surfactant,2,88 pH,2 
reaction time2 and use of seeding agents17 to achieve a better morphology control.  
Dang, et al., produced copper nanoparticles using CuSO4 as the precursor and 
ascorbic acid as an antioxidant utilizing an aqueous phase method and sodium 
borohydride as the reducing agent.2 The morphology of the nanoparticles were controlled 
by poly(ethylene glycol) which acted both as a size controller and a capping agent to 
produce nanoparticles of 10 nm in size.2  This method was optimized to make size 
controlled nanoparticles by controlling the ratio of the precursor to  the capping agent.2 
Lisiecki and coworkers produced colloidal Cu nanoparticles in the size range of 2-10 nm 
in an aqueous phase using sodium borohydride as the reducing agent and sodium dodecyl 
sulfate as the surfactant, where the size and shape of nanostructures were controlled by 
the concentration of the surfactant.88 Another aqueous phase method was reported by 
Deng, et al., in which Cu nanoparticles were synthesized by the reduction of 
Cu(CH3COO)2 using hydrazine.
1 In this method, short chain carboxylic acids were 
incorporated as capping agents. This work further revealed that different morphologies 
could be achieved depending on the chain length of the carboxylic acid. The produced 
nanoparticles were observed to exhibit surface plasmon resonance in 550-600 nm region 
of the UV-Visible absorption spectrum. An aqueous phase Fe nanoparticle synthesis 
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utilizing chemical reduction was reported by Huang, et al.17,. This work was implemented 
using sodium borohydride as the reducing agent and polyacrylic acid as the 
dispersing/capping agent. 17 For this synthesis, palladium ions seeds were incorporated to 
enhance the heterogeneous nucleation of Fe to produce nanoparticles of 6 nm in size .17 
In the absence of palladium ions, the size of these nanoparticles were increased to 110 nm 
indicating that seeding agents were critical to produce smaller nanoparticles under this 
method. Klačanová and workers prepared Fe nanoparticles using amino acid ligands as 
the reducing agent for a central Fe(II) ion in coordination compounds.89 Even though 
there are many reported methods for synthesizing Cu and Fe nanoparticles in the aqueous 
phase, the majority of these methods were unable to attain a good control over 
morphology to produce more organized structures like nanocubes or spherical 
nanoparticles. 
Non-aqueous phase methods can be performed under an inert gas atmosphere or 
without an inert gas atmosphere directly inside organic solvents. This method also 
exploits capping agents or surfactants/stabilizers to attain a desired morphological 
control.40,95,96 Experimental practices such as temperature control,96 molar ratio of 
precursor: capping agent/surfactant40,96 and choice of stabilizers96 have been evaluated in 
order to enhance the morphology control of products in many studies. 
Utilizing a chemical reduction method in a diphenyl ether medium, Nene, et al., 
synthesized iron nanoparticles by reducing iron(III) acetylacetonate with ascorbic acid 
under a controlled N2 atmosphere at 190 
0C.90 The process yielded Fe nanoparticles with 
an average size of 7±1 nm. Moreover, this work demonstrated that the addition of water 
during the reaction yields Fe3O4 nanoparticles, which were about 15±5 nm in size.
90 In 
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another reported work, Wang and coworkers synthesized well-defined Cu nanocubes in 
an ethyleneglycol medium employing ascorbic acid as the reducing agent and 
poly(vinylpyrrolidone) as the capping agent.40 This method also involved elevated 
temperatures and a longer reaction times. The nanocubes prepared in this manner were 
100±25 nm in size and exhibited surface plasmon resonance absorption in the range of 
600-700 nm.  By reducing copper(II) acetylacetonate using 1,2-hexanediol in an octyl 
ether solution Cu nanoparticles in the range of 5-25 nm were fabricated by Mott, et al.,95 
Motts work included study of the variation of the nanoparticle morphology as a function 
of the temperature (150-190 0C) and different capping agents to yield a variety of shapes 
including nanocubes. Synthesis of spherical Cu nanoparticles with a size ranging from 
3.5-11 nm in toluene via the reduction of an organometallic precursor, (CuCl(PPh3)3, by 
tert-butlyamine borane was performed by Aissa and coworkers.96 The system was 
maintained at a moderate temperature inside a glovebox filled with N2 and utilized 
dodecyl amine as a stabilizer/capping agent. In general, non-aqueous phase based 
chemical reduction yields Cu and Fe nanoparticles with better morphology control than 
the relevant aqueous phase methods. However, these practices employ toxic chemicals 
and higher temperatures, which make these techniques environmentally unfavorable. 
Some of these approaches are summarized in Table 1. 
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Table1: Summary of selected published literature on the synthesis of Cu nanostructures 
via chemical reduction methods. 
Solvent/medium Reducing agent Stabilizer/capping 
agent 
Particle 
size/nm 
ref 
Water Sodium borohydride SDS 2-10 88 
DI water Sodium borohydride PEG 10 2 
Toluene+Water Sodium borohydride Lauric 
acid+TOAB 
3 91 
Water Hydrazine Carboxylic acids 10 1 
Water Hydrazine CTAB 5 92 
Ethylene glycol Ascorbic acid PVP 100±25 
cubes 
40 
Water Ascorbic acid PVP 3 93 
Water SFS PVP 50 94 
Octyl ether 1,2-hexanediol Oleic acid, oleyl 
amine 
5-25 95 
Toluene Tert-butylamine borane Dodecyl amine, 
Oleyl amine 
3.5-11 96 
SDS = sodium dodecyl sulfate; PEG = polyethylene glycol; TOAB = 
tetraoctylammonium bromide; CTAB = cetyltrimethylammonium bromide; PVP = 
polyvinylpyrrolidone; SFS = sodium formaldehyde sulfoxylate  
The majority of the prescribed studies on Cu and Fe nanoparticle synthesis 
utilized practices such as the use of organic based stabilizers/capping agents to attain 
control over the morphology, both in aqueous and non-aqueous mediums. Employing 
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these capping agents requires the removal of these in a later stage for applications such as 
electrical and magnetic devices, which may require time and energy consuming efforts. 
Some methods involve the use of toxic reducing agents, toxic precursors and toxic 
solvent mediums, which may require following certain safety precautions in their 
utilization. In most cases, the synthetic processes are time consuming and are still in need 
of better morphology control.  
Incorporation of organic compounds and solvent, use of higher temperatures, 
toxic precursors and toxic reducing agents along with longer reaction times make these 
processes non-green and non-economical. Therefore, there remains a great need and a 
challenge to develop an aqueous phase based greener method to produce Cu and Fe 
nanostructures with a better-controlled morphology. 
2.4 Cu and Fe nanostructure based Metal-Organic Nanocomposites 
Metal-organic hybrid nanocomposites of Cu and Fe based nanostructures with 
diverse organic materials have been fabricated through a variety of techniques including 
surface grafting in order to enhance their optical, electrical and biological properties. The 
properties of the final product are governed by the composition of each phase involved 
where a certain change could yield a deviation of the behaviors of nanocomposites.  
The antibacterial activity of bare Cu nanoparticles was increased by a study 
published by Pinto, et al., where Cu nanoparticles and nanowires were coated with 
cellulose to produce nanocomposites.41 Guzman and coworkers employed a microwave 
assisted polyol method to synthesize Cu nanoparticles in polyvinylchloride to yield 
nanocomposites.42 This study was performed in an ethylene glycol medium employing 
copper acetate as a precursor, ascorbic acid as a reducing agent and 
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poly(vinylpyrrolidone)/PVP as the stabilizer. Hybrid nanocomposites of Cu and 
polymethylmrthacrylate were prepared by Vijayakumari and coworkers through the 
utilization of an in-situ oxidative polymerization of methylmethacrylate monomer in the 
presence of different concentrations of Cu nanoparticles.43 This work is revealed that an 
increase in Cu nanoparticle concentration could increase the conductivity of the dielectric 
polymer phase. Burke, et al., used thermal decomposition of iron pentacarbonyl in the 
presence of ammonia and polymeric dispersants to generate nanoparticles bearing a 
strongly bound polymer coating yielding nanocomposites with magnetic properties 
ranging from superparamagnetic to ferromagnetic.44 Burke’s work used dispersants 
consisting of polyisobutylene, polyethylene, or polystyrene chains functionalized with 
tetraethylenepentamine to yield nanocomposites containing of metallic Fe core and a 
polymeric dispersant shell. Another in-situ polymerization method was reported by 
Ramesan and coworkers, where iron oxide nanoparticles based nanocomposites were 
fabricated by surface grafting of cashew gum and poly(acrylamide) copolymer with 
different concentrations of Fe2O3.
45 Additionally, this work revealed that the 
incorporation of iron oxide nanoparticles could reduce the amorphous nature of the 
polymer, and an increase in nanoparticle concentration could enhance electrical 
properties such as the conductivity and dielectric properties of the composites. There are 
many other studies published describing synthesis of Cu and Fe based nanocomposites 
modified to enhance functionality.46-60  
Published efforts by researchers in the field convey that metal-organic hybrid 
nanocomposite fabrication through surface grafting of Cu and Fe nanostructures with 
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polymeric materials is possible and can yield nanocomposites with enhanced properties 
for applications in electrical, magnetic and medical fields. 
2.5 Mechanisms of Metal Nanoparticle Formation in Solution 
The mechanism for the formation of metal nanoparticles in solution is explained 
using the concept of a nucleation and growth processes. Nucleation is a process in which 
nuclei (seeds) function as building blocks for the growth of crystals. As described by 
Mullin, primary nucleation is the nucleation that happens in the absence of other 
crystalline matter.97 Nucleation can be further divided as homogeneous, where nuclei 
formation is uniform over the medium, or heterogeneous, where the nucleation process 
takes place in the presence of impurities, dislocations, or other seeding agents. The 
growth process is the process where nanoparticles grow in size. The growth process is 
governed by two mechanisms, the surface reaction and the monomer’s diffusion to the 
surface. There are many theories developed to explain the nucleation and growth 
mechanisms of metal nanoparticles, such as the LaMer Mechanism,98,99 Ostwald 
ripening, 112 digestive ripening,109 the Finke-Watzky two-step mechanism,100 
coalescence,101 and intra-particle growth.103 
2.5.1 LaMer mechanism 
LaMer mechanism98,99 was the first mechanism to consider nucleation and growth 
as two stages. The decomposition of sodium thiosulphate was investigated by LaMer to 
produce sulfur sols by this process. Nucleation and growth of a material in a solution can 
be categorized into 3 stages under the LaMer mechanism. They are: 
I) Increase of the free monomer concentration in the solution rapidly 
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II) The reduction of concentration of free mononmers in the solution by burst 
nucleation. At this point, the nucleation rate is considered infinite, while after this point 
the low concentration of monomer causes no nucleation to happen. 
III) The diffusion of the monomers through the solution facilitate the growth of the 
nanoparticles 
Silver halides are considered to be followed by this mechanism in their nucleation 
and growth process. 
2.5.2 Ostwald Ripening and Digestive ripening 
Under the Ostwald ripening mechanism, the smaller particles formed in the 
solution tend to be dissolved again in the solution, which is caused by the high surface 
energy and high solubility of these particles. This phenomenon facilitates the growth of 
larger particles to grow even more in size. The opposite phenomenon is facilitated by 
digestive ripening where the larger particles tend to be dissolved, which allows the 
smaller particles to grow more. 
2.5.3 Finke-Watzky two step mechanism 
This method is considered to be different from the classical nucleation method. 
Here both the slow continuous nucleation and the autocatalytic surface growth processes 
are considered to be happening simultaneously.100 
2.5.4 Coalescence and Oriented attachment 
In both coalescence and oriented attachment, monomers become attach together 
to grow into a final structure. However, the difference is that in coalescence, the 
orientation of the crystal lattice at the grain boundary where the coalescence occurs has 
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no preference for the attachment,101 and in oriented attachment, it follows a common 
crystallographic orientation yielding continuous crystallographic planes.102 
2.5.5 Intra-particle Growth 
This is a change of the shape of a nanomaterial with time as a result of the 
diffusion of monomers along the surface.103 In order for this phenomenon to occur, the 
energy of the monomers in the solution phase should be lower than the energy of one of 
the crystal facets of the growing crystal. The energies of the particle and the bulk solution 
are almost equal, so that the only difference is the surface energy of these facets, which 
makes high energy facets dissolve and low energy facets to grow. 
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MATERIALS AND METHODS 
3.1 Materials 
Copper(II)chloride (97% purity), Sodium borohydride (99.99% purity), 
Poly(vinylpyrrolidone) (PVP, Mw = 40,000 g/mol), Ethyl alcohol (≥99.5% purity), 
anhydrous Tetrahydrofuran and Sodium hydroxide were obtained from Aldrich chemicals 
and used as received. Iron(III) chloride hexahydrate was obtained from MP Biomedicals 
and used as received. P3HT chain end functionalized carboxylic acid was synthesized in 
the lab using the previously published procedure.104 Unless otherwise specified, all 
chemicals were used as received. 
3.2 Characterization 
Particle size, shape, and arrangements were analyzed by imaging using a JEOL 
1400 Plus transmission electron microscope (TEM) operated at 80 kV accelerating 
potential. These images were recorded using an AMT XR81 digital camera. The 
Photophysical properties of particles in solution were recorded on a UV-Visible 
spectrometer (Perkin Elmer, Lambda 35) and crystal packing pattern of the nanoparticles 
were determined by powder X-ray diffraction (XRD) using a Thermo ARL X’TRA 
Powder diffractometer in the wide-angle scattering mode. FTIR spectra were obtained 
using a Perkin Elmer Spectrum One FT-IR spectrometer equipped with a universal ATR 
sampling accessory. 
3.3 Synthesis of Copper Nanostructures 
3.3.1 The Effect of Cu2+:NaBH4 Molar Ratio for the Synthesis of Copper Nanostructures 
Trial 1: Cu2+:NaBH4 (1:1 Molar Ratio); 
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In a 100 mL round bottom flask charged with a magnetic stirrer, 
copper(II)chloride (0.350 g, 2.60 mmol) was dissolved in deionized water (30.00 mL). 
Then the flask was capped and was degassed with argon about 15 minutes at room 
temperature. To the resulted light blue colored solution, sodium borohydride (0.098 g, 
2.60 mmol) dissolved in deionized water (5.00 mL) was added slowly dropwise using a 
syringe with a drop rate of 0.33 mL/min within a 15 minute time period while stirring the 
mixture. The mixture was allowed to stir another 3 hours under the same conditions.  The 
final solid product formed in this manner was separated by centrifugation and repeatedly 
washed with deionized water. Then the resulted solid was concentrated in a vacuum oven 
to obtain a dark yellow colored solid. 
Trial 2, 3 and 4: Cu2+:NaBH4 Molar Ratios of 1:2,1:3 and 1:4; 
In order to study the effect of Cu2+:NaBH4 molar ratios of 1:2, 1:3 and 1:4 on the 
copper nanostructure synthesis, the above described procedure in Trial 1 was repeated in 
Trial 2, 3 and 4 with the only variable being the amount of sodium borohydride dissolved 
in deionized water (5.00 mL) as 0.200 g (5.28 mmol), 0.295 g (7.80 mmol) and 0.393 g 
(10.40 mmol) respectively. Particles prepared in this manner were separated by 
centrifugation and repeatedly washed with deionized water. Then the resulting solids 
were concentrated in a vacuum oven to obtain black-brown colored solids. 
3.3.2 The Effect of Sodium Borohydride Addition Time/Addition Rate on Copper 
Nanostructure Synthesis 
Trial 5: 15 Minute Sodium Borohydride Addition Time (0.33 mL/min Addition Rate); 
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In a 100 mL round bottom flask charged with a magnetic stirrer, copper(II) 
chloride (0.350 g, 2.60 mmol) were dissolved in deionized water (30.00 mL). Then the 
flask was capped and degassed with argon about 15 minutes at room temperature. To the 
resulted light blue colored solution, sodium borohydride (0.200 g, 5.28 mmol) dissolved 
in deionized water (5.00 mL) was added slowly dropwise using a syringe with a drop rate 
of 0.33 mL/min within a 15 minute time period while stirring the mixture. The mixture 
was allowed to stir another hour under the same conditions.  Particles prepared in this 
manner were separated by centrifugation and repeatedly washed with deionized water. 
Then the resulted solid was concentrated in a vacuum oven to obtain a black-brown 
colored solid. 
Trial 6-10: 20-60 Minutes Sodium Borohydride Addition Time (0.25-0.08 mL/min 
Addition Rates); 
The influence of the addition time of sodium borohydride on copper nanostructure 
synthesis was further evaluated in Trials 6-10 by following the above procedure in Trial 5 
with the only variable being the addition time of the sodium borohydride solution as 20, 
30, 40, 50 and 60 minutes respectively. These corresponded to addition rates of 0.25, 
0.17, 0.12, 0.10 and 0.08 mL/min respectively. 
3.3.3 The Optimized Procedure for Synthesis of Copper Nanocubes and Nanoparticles 
In a 100 mL round bottom flask charged with a magnetic stirrer, copper(II) 
chloride (0.350 g, 2.60 mmol) was dissolved in deionized water (30.00 mL). Then the 
flask was capped and was degassed with argon about 15 minutes at room temperature. To 
the resulted light blue colored solution, sodium borohydride (0.200 g, 5.28 mmol) 
dissolved in deionized water (5.00 mL) was added slowly drop wise using a syringe with 
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a drop rate of 0.10 mL/min within a 50 minutes time period while stirring the mixture. 
During this addition in this time period, the initial blue color changed to green, to yellow, 
to brown, and eventually to a brownish black suspension. The particle formation was also 
monitored using UV-Visible spectroscopy by taking liquid samples of the initial Cu2+ 
solution, at 5 min, 10 min, 15 min, 30 min 40 min and at 50 min solutions during sodium 
borohydride addition.  Particles prepared in this manner were separated by centrifugation 
and repeatedly washed with deionized water. Then the resulted solid was concentrated in 
a vacuum oven to obtain a black-brown color solid (133 mg). 
3.3.4 The Effect of poly(vinylpirrolidone) as a Capping agent for Copper Nanocubes and 
Nanoparticle Synthesis 
Trial 11: In a 100 mL round bottom flask charged with a magnetic stirrer, 
copper(II) chloride (0.350 g, 2.60 mmol) was dissolved in deionized water (30.00 mL). 
Then the flask was capped and was degassed with argon for about 15 minutes at room 
temperature. To the resulted light blue colored solution, polyvinylpyrrolidone (PVP) 
(0.070 g, 20% by weight to copper(II) chloride) was added. Then to the resulting light 
blue colored solution, sodium borohydride (0.200 g, 5.28 mmol) dissolved in deionized 
water (5.00 mL) was added slowly drop wise using a syringe with a drop rate of 0.10 
mL/min within a 50 minute time period while stirring the mixture. During this addition in 
this time period, the initial blue color changed to yellow, to brown, and eventually to a 
brownish black suspension.  Particles prepared by this process were separated by 
centrifugation. Black-brown copper nanoparticles were precipitated at the bottom of the 
centrifuged tube while nanocubes stayed in the supernatant. Nanoparticles were separated 
by centrifugation and repeatedly washed with deionized water. Then the resulted solid 
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was concentrated in a vacuum oven to obtain a black-brown color solid. The supernatant 
was concentrated in the fume hood under a stream air to obtain copper nanocubes as a 
brown colored solid. 
3.4 Synthesis of Iron Nanostructures 
3.4.1 The Effect of Fe3+: NaBH4 Molar Ratio for Iron Nanostructures Synthesis 
Trial 12: Fe3+:NaBH4 (1:1 Molar ratio) 
In a 100 mL round bottom flask charged with a magnetic stirrer, iron(III) chloride 
hexahydrate (0.703 g, 2.60 mmol) was dissolved in deionized water (30.00 mL). Then the 
flask was capped and was degassed with argon about 15 minutes at room temperature. To 
the resulting yellow colored solution, sodium borohydride (0.100 g, 2.64 mmol) 
dissolved in deionized water (5.00 mL) was added slowly drop wise using a syringe with 
a drop rate of 0.62 mL/min within an 8 minute time period while stirring the mixture. 
During this addition time period, the initial yellow color changed to brown, and 
eventually to a black suspension. Then the reaction mixture was allowed to stand under 
the same conditions for another 30 minutes. Particles and chains prepared in this manner 
were separated by centrifugation and repeatedly washed with deionized water. Then the 
resulted solid was concentrated in a vacuum oven to obtain a black-brown colored solid. 
Trial 13-19: Fe3+:NaBH4 Molar Ratios of 1:2 – 1:5; 
The effect of Fe3+:NaBH4 molar ratios of 1:2, 1:2.5, 1:3, 1:3.5, 1:4, 1:4.5 and 1:5 
on the iron nanostructure synthesis was also studied via repeating the previously 
described procedure in Trial 12 by only changing the amount of the sodium borohydride 
in deionized water (5.00 mL) as 0.200 g (5.28 mmol), 0.246 g (6.50 mmol), 0.295 g (7.80 
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mmol), 0.344 g (9.09 mmol), 0.393 g (10.40 mmol), 0.443 g (11.70 mmol) and 0.492 g 
(13.00 mmol) respectively in Trials 13 to 19. The particles and chains prepared in this 
manner were separated by centrifugation and repeatedly washed with deionized water. 
Then the resulted solids were concentrated in a vacuum oven to obtain a black-brown 
colored solid. 
3.4.2 The Optimized Procedure for Synthesis of Iron Nanoparticles and Nanochains 
In a 100 mL round bottom flask charged with a magnetic stirrer, Iron(III) chloride 
hexahydrate (0.703 g, 2.60 mmol) was dissolved in deionized water (30.00 mL). Then the 
flask was capped and was degassed with argon for about 15 minutes at room temperature. 
To the resulting yellow colored solution, sodium borohydride (0.393 g, 10.40 mmol) 
dissolved in deionized water (5.00 mL) was added slowly drop wise using a syringe with 
a drop rate of 0.62 mL/min within an 8 minute time period while stirring the mixture. 
During this addition time period, the initial yellow color changed to brown, and 
eventually to a black suspension. Then the reaction mixture was allowed to stand under 
the same conditions for another 30 minutes. Particles and chains prepared in this manner 
were separated by centrifugation and repeatedly washed with deionized water. Then the 
resulted solid was concentrated in a vacuum oven to obtain a black-brown colored solid 
(70 mg). 
3.4.3 Synthesis of Semiconducting Polymer coated Iron Nanoparticles and Nanochains 
I) Pre-functionalization procedure of the polymer for coating: 
P3HT Carboxylic acid (0.042 g, 10% weight equivalent to iron(III) chloride) and 
excess sodium hydroxide (0.100 g) were dissolved in anhydrous tetrahydrofuran (3.00 
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mL) in a 20 mL vial placed on a magnetic stirrer. The mixture was stirred for two hours 
to convert the P3HT carboxylic acid to P3HT carboxylate ion. 
II) Synthesis of P3HT coated Iron Nanoparticles and Nanochains 
Trial 20: In a 100 mL round bottom flask charged with a magnetic stirrer, iron(III) 
chloride hexahydrate (0.703 g, 2.60 mmol) was dissolved in deionized water (30.00 mL). 
Then the flask was capped and degassed with argon for about 15 minutes at room 
temperature. To the resulting yellow colored solution, previously prepared P3HT 
carboxylate ion in tetrahydrofuran solution (3.00 mL) was added after filtering through a 
micro filter. Then to the resulting red brown colored solution, sodium borohydride (0.393 
g, 10.40 mmol) dissolved in deionized water (5.00 mL) was added slowly drop wise 
using a syringe with a drop rate of 0.62 mL/min within an 8 minute time period while 
stirring the mixture. During this addition time period, the initial red-brown color changed 
to brown, and eventually to a black-brown suspension. Then the reaction mixture was 
allowed to stand under the same conditions for another 30 minutes. Particles and chains 
prepared in this manner were separated by centrifugation and repeatedly washed with 
ethanol and chloroform. Then the resulted solid was concentrated in a vacuum oven to 
obtain a black-brown colored solid. 
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RESULTS AND DISCUSSION 
4.1 Aqueous phase Synthesis, Morphology control and Characterization of Copper 
Nanocubes and Nanoparticles 
4.1.1 Overview 
Copper nanocubes and nanoparticles have been known as one of the most 
promising replacements for existing Au and Ag nanostructures. These nanostructures are 
potential candidates for pharmaceutical, thermal, electrical, and environmental 
applications. The applicability of copper for such applications is mainly due to the 
variation of the properties of these nanostructures at the nanoscale, compared to their 
bulk counterparts, which is achieved by controlling their morphology, specifically their 
size and shape. This thesis describes a versatile, simple, and environmentally friendly 
method for synthesizing copper nanocubes and nanoparticles in an aqueous solution at 
room temperature with controlled morphology. The synthesis process was carried out in 
an inert gas atmosphere by employing the chemical reduction method, starting with 
copper(II) chloride in the presence of sodium borohydride as the reducing agent. The 
reaction was initially assessed upon changing the molar ratios of precursor to reducing 
agent and changing the reducing agent addition time/rate to finalize the optimum 
experimental parameters for the synthesis process. Nanocubes synthesized in this manner 
were characterized by Transmission Electron Microscopy (TEM), X-ray powder 
diffraction and Selected Area Electron Diffraction (SAED) methods. Moreover, the 
nanocubes’ formation was further monitored by UV-visible spectroscopy. The method 
developed in this work may demonstrate promise for manufacturing copper nanocubes in 
an aqueous phase at room temperature in an environmentally friendly manner.  
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4.1.2 Effect of Cu2+:NaBH4 molar ratio on copper nanostructure synthesis 
In the synthesis process, copper nanostructures were synthesized via the reduction 
of copper(II) chloride by the controlled addition of sodium borohydride as depicted by 
the reaction in Scheme1.  
Scheme 1: Typical reaction for Cu nanostructure synthesis. 
The dependence on the molar ratio of the reactants for the synthesis of Cu 
nanostructures was assessed by varying the Cu2+:NaBH4 molar ratio at 1:1, 1:2, 1:3 and 
1:4 while maintaining at 15 minutes (0.33 mL/min addition rate) addition time of NaBH4. 
Moreover, the morphology variation of the products of the reaction series was examined 
by TEM for another 3 hours, and the observations at certain time intervals are 
summarized in Table 2.   
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Table 2: The effect of Cu2+:NaBH4 molar ratio on Cu nanostructure synthesis. 
Trial 
# 
Molar ratio 
of 
Cu2+:NaBH4 
Morphologies of nanostructures  
 
At 15 minutes At 1hr 15 
minutes 
At 2 hr 15 
minutes 
At 3 hr 15 
minutes 
1 1:1 Crystalline 
structures 
with no cubes 
or particles  
Crystalline 
structures with 
no cubes or 
particles  
Crystalline 
structures 
with no 
cubes or 
particles  
Few 
transparent 
crystalline 
structures  
2 1:2 Spherical 
particles (~30 
nm) with 
large clusters 
of aggregates 
Cubes with 
average edge 
length of  
30±15 nm  
Cubes with 
average 
edge 
length~75±2
5 nm 
Highly 
aggregated 
nanostructures 
3 1:3 Spherical 
particles with 
average 
diameter of 
30±15 nm 
Highly 
aggregated 
nanoparticles. 
with average 
diameter of 
30±15 nm 
Highly 
aggregated 
nanoparticle 
with 
average 
diameter of 
40±20 nm 
Highly 
aggregated 
structures. 
4 1:4 Highly 
aggregated 
unorganized 
structures. 
Highly 
aggregated 
unorganized 
structures. 
Highly 
aggregated 
unorganized 
structures. 
Highly 
aggregated 
unorganized 
structures. 
 
The dependency of 1:1 molar ratio of Cu2+:NaBH4   on Cu nanostructure synthesis 
was evaluated in Trial 1 and the corresponding TEM results are depicted in Figure 1. 
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Figure 1: TEM images taken from Trial 1(Cu2+:NaBH4 molar ratio 1:1) over time 
intervals of; (a) 15 minutes (just after NaBH4 addition); (b) 1 hr 15 min; (c) 2 hr 15 min; 
(d) 3hr 15 min  
The initial TEM images taken just after the NaBH4 addition (15 minutes) contains 
only the unorganized nanocrystals. The TEM images at subsequent time intervals display 
aggregation of these crystals at several intervals (1 hr 15 min and 2hr 15 min), and yields 
transparent aggregated structures as the final product at 3 hours and 15 minutes. The lack 
of enough reducing agent molar concentration to form Cu(0) nuclei and facilitate their 
growth in to more organized structures lead to poor crystal growth and cluster formation. 
Therefore, no sign of nanocube formation was observed. These observations clearly 
demonstrate that the 1:1 molar ratio of Cu2+: NaBH4 is not satisfactory to fabricate 
organized Cu nanostructures such as nanocubes.  
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The Trial 2 reaction conditions were promising for formation of well-defined 
copper nanocubes.  As shown in Figure 2, the reaction mixture reveals the formation of 
small, spherical nanoparticles immediately after the addition of NaBH4. The continuation 
of the reaction for an additional hour yielded a mixture of nanocubes and nanoparticles. 
These cubic structures were visible in TEM images up to the total reaction time of 2 
hours and 15 minutes. However, the longer reaction time resulted in larger aggregated 
structures as shown in Figure 2 (d). 
Figure 2: TEM imagers taken from Trial 2 (Cu2+:NaBH4 molar ratio 1:2) over time 
intervals of; (a) 15 minutes (just after NaBH4 addition); (b) 1 hr 15 min; (c) 2 hr 15 min; 
(d) 3hr 15 min. 
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The addition of a higher molar equivalent of NaBH4 in Trial 2 accelerates the 
reduction of Cu2+ to form Cu nuclei in higher yield. The coalescence of Cu nuclei into 
small clusters and further growth into organized cubes via Ostwald ripening leads to the 
formation of well-defined copper nanocubes. The observed results show that the 
aggregation process is more dominant after 2 hours from the reaction starting point due to 
the higher surface activity of the formed nanostructures. This can result in shape 
alteration because the growth process also continues to some extent. Therefore, after the 
complete reaction time, majority of the formed nanostructures were visible as aggregates 
and no clear cubes were found. 
Trial 3 was conducted by maintaining the initial molar ratio of Cu2+:NaBH4 at 1:3, 
and proceeded with 15 minutes of NaBH4 addition time. After the end of the NaBH4 
addition, a large number of spherical particles and few small nanocubes were present. 
The continuation of the reaction for another 1 hour, 2 hours, and 3 hours yielded 
aggregated structures of these nanoparticles. These observations are shown in Figure 3. 
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Figure 3: TEM images taken from Trial 3 (Cu2+:NaBH4 molar ratio 1:3) over time 
intervals of, (a) 15 min (just after NaBH4 addition); (b) 1 hr 15 min; (c) 2 hr 15 min; (d) 
3hr 15 min. 
The increase in initial reducing agent concentration further leads to a fast nuclei 
formation in higher concentration, which minimizes the nuclei growth to ordered 
structures as a result of large number of nuclei consuming reduced metal ions in a small 
volume of solvent. Therefore, initially, a large number of small spherical particles can be 
seen. Very few of these spherical particles were able to grow as cubes. With the progress 
of the reaction over time, more random clusters were formed by self-assembling small 
particles.  
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The molar ratio between Cu2+:NaBH4 at 1:4 reaction was carried out as the 4
th 
Trial. The progress of the nanostructures’ formation was monitored in a similar manner 
as in previous trials by taking TEM images. The morphologies of nanostructures formed 
at each time interval is depicted in Figure 4. 
Figure 4: TEM images taken from Trial 4 (Cu2+:NaBH4 molar ratio 1:4) over time 
intervals of, (a) 15 minutes (just after NaBH4 addition); (b) 1 hr 15 min; (c) 2 hr 15 min; 
(d) 3hr 15 min. 
As the Cu2+: NaBH4 molar ratio becomes 1:4, the very high concentration of the 
reducing agent available compared to the precursor leads to the formation of even more 
nuclei in the initial solution mixture. In this case, nuclei formation is far more dominant 
than the nuclei growth, resulting in highly unorganized clusters.  
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Overall, the results confirmed that the growth and formation of Cu nanocubes and 
nanoparticles are governed by the molar ratio of Cu2+:NaBH4, and maintaining the molar 
ratio at 1:2 for Cu2+:NaBH4 produces well-defined nanocubes compared to all other 
molar ratios.  In Cu2+:NaBH4 with the molar ratios of 1:3 and 1:4, the nucleation process 
is faster due to the higher concentration of the reducing agent, whereas the 1:2 molar ratio 
of Cu2+:NaBH4 allows more time for crystal growth and cluster formations to grow into 
cubic structures. 
4.1.3 Effect of NaBH4 addition time/rate on copper nanocubes and nanoparticles 
synthesis 
The effect of addition time/rate of the reducing agent on the emergence of 
nanocubes was studied by amending the addition rate from 0.33 mL/min to 0.08 mL/min 
and the particle formation was monitored by TEM. The morphologies of nanostructures 
formed under different addition rates/times are summarized in Table 3.  To produce 
nanocubes with controlled size and shape, maintaining the addition rate of NaBH4 at 0.10 
mL/min was found to be important. Typically, the nucleation and growth processes of Cu 
nanocubes initiate and accelerate by a specific concentration of the reducing agent at a 
given time, and control the morphologies of nanostructures. The size of the nanoparticles 
depends on the concentration of the nuclei present at a particular time. When the nuclei 
concentration is high they grow as smaller nuclei and they all consume the reduced metal 
ions at the same time. Therefore, the produced nanoparticles become smaller in size.2 
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Table 3: Effect of NaBH4 addition time/rate on Cu nanocubes and nanoparticle 
formation. 
 
Trial 5 was carried out by maintaining the addition rate of NaBH4 at 0.33 mL/min. 
The solution sample taken out from the reaction mixture just after the addition of NaBH4 
shows nanocubes ~ 50 nm in edge length and distorted spherical nanoparticles. After the 
Trial 
# 
NaBH4 
Addition 
time (min) 
NaBH4 
Addition 
rate 
(mL/min) 
Morphologies of Nanostructures 
After NaBH4 added At additional an 
hour 
5 15 0.33 Cubes and distorted spherical 
particles 
Average length of cubes ~50±15 
nm 
Cubes with 
aggregated bulk 
structures. 
 
Average length of 
cubes ~80±30 nm 
 
6 20 0.25 Distorted spherical particles and 
truncated cubes 
Average size of particles 
~60±25 nm 
Cubes with 
aggregated bulk 
structures. 
 
Average length of 
cubes~85±30 nm 
7 30 0.17 Truncated cubic particles and 
nanoclusters 
Average cube length ~80±25 nm 
Aggregated 
structures. 
8 40 0.12 Truncated cubes and particles 
Average cube length ~40±10 nm 
Aggregated 
particles 
Average particle 
size~40±15 nm 
9 50 0.10 Mostly cubes with well-defined 
edges 
Average length of cubes 
~100±35 nm 
Aggregated 
structures. 
10 60 0.08 Highly aggregated spherical 
particles with very few cubes 
Truncated cubes 
and aggregated 
bulk structures 
Average length of 
cubes ~85±35 nm 
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reaction had progressed for an additional hour, well-defined nanocubes with aggregated 
bulk structures were observed (see Figure 5). The higher concentration of the reducing 
agent present at the beginning of the reaction influences the formation of a large number 
of Cu nuclei at the initial stage of the reaction and leads to the nanocrystal growth and 
eventually to form organized clusters of cubic shapes. Therefore, a mixture of cubes and 
distorted spherical particles can be observed. 
Figure 5: TEM images taken from Trial 5 at (a) Just after 15 minutes of NaBH4 addition; 
(b) 1 hr 15 min  
Trial 6 was performed maintaining a NaBH4 addition rate of 0.25 mL/min for 20 
minutes time. TEM images of the reaction taken after the addition of NaBH4 and at 1 
hour 20 minutes reaction time are shown in Figure 6. Similar to the Trail 5, the solution 
taken just after the addition of NaBH4 contains distorted spherical particles along with 
truncated cubes. These cubes seems to be slightly larger than the cubes formed from the 
addition rate of 0.33 mL/min. However, as the reaction proceeds, more well-defined 
nanocubes are abundant, and less aggregated nanocubes resulted after the total reaction 
time of 1 hour 20 minutes. 
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Figure 6: TEM images taken from Trial 6 at (a) Just after 20 minutes of NaBH4 addition; 
(b) 1 hr 20 min  
The decrease of the addition rate to 0.25 mL/min resulted in ample time for 
nanocrystal growth and self-organization of nuclei to form nanoclusters. As the reaction 
progresses, these structures grow in size and form well-shaped cubes by Ostwald ripening 
processes.  
As shown in Figure 7, in the case of addition rate of 0.17 mL/min (Trial 7), TEM 
images taken just after adding NaBH4 show truncated cubes and nanoclusters. The 
average cube length is ~ 80 nm. However, the longer reaction time yielded highly 
aggregated nanostructures. 
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Figure 7: TEM images taken from Trial 7 at, (a) Just after 30 minutes of NaBH4 addition 
and (b) 1 hr 30 min 
Trial 8 was conducted maintaining the NaBH4 addition rate at 0.12 mL/min over 
40 minutes. The solution sample taken just after the NaBH4 addition shows small 
truncated cubes and spherical particles. The TEM images captured at 40 minutes addition 
time and 1 hour 40 minutes are depicted in Figure 8. The particle size distribution ranged 
from 40-50 nm. After 1 hour 40 minutes reaction time, surprisingly, the size of the 
particles remained the same but the aggregation of particles was abundant. 
Figure 8: TEM images taken from Trial 8 at (a) Just after 40 minutes of NaBH4 addition 
and (b) 1 hr 40 min  
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The NaBH4 addition rate of 0.10 mL/min over 50 minutes time was maintained in 
the Trial 9. The solution taken out just after 50 minutes of NaBH4 addition shows mostly 
well-dispersed nanocubes with sharp edges and an average edge length of around 100±35 
nm. The reaction monitored under TEM is shown in Figure 9. However, continuing the 
reaction longer than 50 minutes yields aggregated cubic particles.  
Figure 9: TEM images taken from Trial 9 at; (a) Just after 50 minutes NaBH4 addition; 
(b) 1 hr 50 min  
Maintaining an addition rate of 0.10 mL/min over a 50 minute time period 
provided a steady rate for the production of Cu(0) nuclei from Cu2+ ions with controlled 
geometries. This also led to a controlled size distribution of copper nanocubes.  However, 
with longer reaction times these cubes tended to aggregate to reduce their high surface 
energy and become stable by forming aggregates.  
The final reaction, Trial 10, was performed maintaining a 0.08 mL/min addition 
rate of NaBH4 over a one hour time period. The sample taken just after the NaBH4 
addition shows unorganized structures formed from small nanoparticles. But surprisingly, 
the continuation of the reaction for an additional hour resulted in some cubic particles 
which were small in size. The TEM images of Trail 10 are shown in Figure 10. 
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Figure 10: TEM images of Trial 10 at;, (a) Just after 1 hours of NaBH4 addition and (b) 2 
hr   
Reducing the NaBH4 addition rate to 0.08 mL/min did not provide sufficient 
concentration of the reducing agent at the beginning of the reaction to form Cu nuclei. 
With time accumulation of the reducing agent, some nuclei form and grow into 
nanocrystals and eventually into small particles. However, as the reaction progresses, 
nuclei were able to grow into small nanocubes, some of which are visible in the final 
solution, but they are not abundant. 
Previously described results confirmed that the formation of well-defined Cu 
nanocubes are affected by the addition rate/time of the reducing agent and maintaining a 
0.10 mL/min addition rate is necessary to obtain well-defined Cu nanocubes. Higher 
addition rates of the reducing agent produced unorganized cluster via initial formation of 
large amount of the nuclei, whereas a lower addition rate of the reducing agent required 
longer time to form organized structures such as cubes. 
4.1.4 Synthesis and characterization of copper nanocubes under optimized Conditions 
Copper nanocubes were synthesized by reducing the copper(II) chloride precursor 
with sodium borohydride in deionized water under an argon atmosphere. The main 
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reaction of the synthesis process is depicted in Scheme 2. The typical procedure was 
carried out by maintaining the initial concentration of copper(II) chloride solution as 
0.087 mol/L. In order to obtain copper nanocubes or copper nanoparticles with controlled 
sizes and shapes the parameters such as the precursor to sodium borohydride molar ratio, 
sodium borohydride addition time, and the reaction time was evaluated. 
Scheme 2: Typical reaction for Cu nanocube and nanoparticle synthesis 
Under the optimized reaction conditions, copper nanocubes were synthesized by 
the reaction with a copper(II) chloride to sodium borohydride molar ratio of 1:2. In this 
process sodium borohydride was added to the aqueous solution of copper(II) chloride 
maintaining an addition rate of 0.10 mL/min over a 50 minute time period. As the 
reaction progressed, the color of the solution mixture changed from an initial blue to 
green, to brown, to the final color of brown-black. The color change of the reaction 
mixture is shown in Figure 11. 
Figure 11: Color change of the reaction mixture with time for optimized reaction 
condition of copper nanocube synthesis. 
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4.1.4.1 Photophysical properties of copper nanocubes 
The nanoparticle formation was monitored by taking the UV-Visible spectra of 
the initial Cu2+ solution and at six different time intervals as displayed in Figure 12. 
Figure 12: UV-Visible absorption spectra variation with time for the optimized reaction 
of copper nanocubes synthesis. 
According to the UV-Visible absorption spectra, the initial Cu2+ solution shows 
an absorption maximum around 800 nm. With the NaBH4 addition and progress of the 
reaction this band around 800 nm was shifted to the lower wavelength region and a new 
band appeared around 460-600 nm. The appearance of the new absorption band and the 
disappearance of the peak at 800 nm are evidence for the formation of copper nanocubes.  
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4.1.4.2 Morphology of Copper nanocubes 
The progress of the reaction with respect to time was also monitored from the 
TEM at different time intervals. Figure 13, TEM images show the progress of copper 
nanocube formation with time. 
Figure 13: TEM images of the Cu nanocube forming reaction with time, (a) Cu2+;(b) 
5min; (c) 10 min; (d) 15 min; (e) 30 min; (f) 40 min; (g) 50 min 
The TEM images taken from initial Cu2+ solution only shows crystal-like 
structures. With the addition of sodium borohydride and the progress of the reaction, 
these crystals generate many small particles with a size of ~ 5 nm at 10 minutes. These 
small particles (nanocrystals) self-assemble into clusters of spherical particles at 15 
minutes. The first appearance of the cubes was observed after 40 minutes of NaBH4 
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addition. With the addition of NaBH4 the concentration of the reducing agent in the 
solution increases. This enhances the reduction of Cu2+ to Cu0 and increases Cu nuclei 
concentration in the solution leading to the formation of Cu nanocubes. At the addition 
time of 50 minutes well-dispersed Cu nanocubes were obtained with an average edge 
length of 100±35 nm. The copper nanocubes formed by this method were isolated by 
repeated centrifugation and washing with deionized water just after the complete addition 
of NaBH4 and dried in a vacuum oven to obtain a black-brown colored solid.  
The isolated nanocubes were arranged as either face centered cubes (parallel 
oriented) or hexagons (Hexagonally oriented) on TEM grids and shows sharp edges of 
cubic morphologies as depicted in Figure 14. In the product, 80 % were nanocubes with a 
dimension length around 80-120 nm and the rest of the product contains either truncated 
cubes or spherical nanoparticles. 
Figure 14: The arrangement of produced Cu nanocubes, (a) Hexagonal; (b) Cubic/parallel 
4.1.4.3 Evaluating crystallinity and packing pattern of copper nanocubes 
The crystallinity and packing pattern of Cu nanocubes were studied by wide angle 
X-ray diffraction of a powdered sample and by the selected area electron diffraction 
(SAED) of single nanocubes taken from dark field diffraction mode of TEM maintaining 
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the electron beam perpendicular to the top surface of a nanocube. Figure 15 shows the X-
ray diffraction pattern of the powdered sample of Cu nanocubes which reflects diffraction 
patterns for [220], [200] and [111] planes. The ratio between [200] and [111] plane 
diffraction intensities is 0.30 which is apparently lower than the typical value of 0.46 for 
Cu nanocubes and nanowires.105-106 This indicates that the diffraction of [111] plane is 
more dominant than [200] planes which ultimately serves as evidence that most cubes are 
hexagonally oriented than parallel orientation to the substrate.15    
Figure 15: X-ray diffraction pattern of Cu nanocubes 
SAED patterns were taken for both the hexagonally oriented and parallel oriented 
cubes and shown in the Figure 16. These data also confirms the abundance of [111] and 
[200] planes and their orientation, according to the published work.15  
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Figure 16: SAED pattern of copper nanocubes; (a) hexagonal arrangement and (b) 
cubic/parallel arrangement 
4.1.5 Effect of poly(vinylpyrrolidone) as a capping agent for copper nanocube and 
nanoparticles synthesis 
As observed, most of the metal nanoparticle synthesis reactions face the difficulty 
of the aggregation due to their high surface reactivity. To overcome this challenge, 
variety of capping agents have been used to form a layer of polymer around the metal 
nanoparticles’ surface and there by controlling the aggregation.1-2 During the synthesis of 
copper nanoparticles using the optimized synthesis method described in this work, we 
also faced the particle aggregation during the drying process. Therefore, as an additional 
optimization, a series of reactions were carried out using poly(vinylpyrrolidone) (PVP) as 
a capping agent. It is known that PVP can bind to the metal nuclei surface through electro 
negative “O” atoms via non-covalent metal-organic interactions and thus can act as a 
stabilizer and a size controller by controlling the growth of the produce nuclei. When 
PVP is bound to the surface of the produced nanocubes and nanoparticles, it lowers the 
interaction of the adjacent particles via steric repulsions. This ultimately results in 
minimizing the aggregation. Therefore, in order to evaluate the effect of PVP on the 
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optimized reaction, 20% weight equivalent of PVP to initial CuCl2 weight was introduced 
into the initial Cu2+ solution prior to the addition of NaBH4. The progress of the reaction 
was evaluated by observing the color change of the reaction mixture, obtaining the UV-
visible spectra of the solution mixture at several time intervals and monitoring the 
reaction under TEM. 
Under the optimized reaction conditions, PVP capped copper nanocubes were 
synthesized from copper(II) chloride and sodium borohydride by maintaining the molar 
ratio at 1:2. In this process sodium borohydride was added to an aqueous solution of 
copper(II) chloride and PVP, with an addition rate of 0.10 mL/min over a 50 minute time 
period. In the proceeding reaction, the color of the solution mixture changed from initial 
blue, to yellow, to red, to brown, and finally to brownish-black which was captured and 
shown in Figure 17. 
Figure 17: Color change of the solution mixture at different time intervals for the 
formation of PVP-capped copper nanocubes and nanoparticles. 
4.1.5.1 Photophysical properties of PVP-capped copper nanocubes 
The changes in photophysical properties, with respect to the progress of 
nanoparticle formation, were studied by collecting UV-visible absorption spectral traces 
at eight different reaction time intervals. This monitoring included obtaining spectra of 
the initial Cu2+ solution, solution just after PVP addition, and six different time intervals 
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(5, 10, 15 , 30, 40 and 50 minutes) during the NaBH4 addition process. The 
corresponding UV-visible spectrums are depicted in Figure 18. 
Figure 18: UV-Visible absorption spectral traces taken at different time intervals for the 
optimized reaction conditions for the synthesis of copper nanocubes in the presence of 
PVP as a capping agent. 
According to the UV-Visible absorption spectra, the initial Cu2+ solution shows 
an absorption maximum around 800 nm similarly as in the reaction without PVP. The 
addition of PVP had no effect on the absorbance of Cu2+. Upon addition of NaBH4 and 
the reaction proceeds, the absorption band at 800 nm was disappeared and a new 
absorption band appeared around 460-610 nm evidencing the formation of copper 
nanoparticles as reported in literature.2 The appearance of absorption band at 460-610 nm 
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further describes as a result of the surface plasmon resonance effect of metal 
nanoparticles.2 
4.1.5.2 Morphology of PVP-capped copper nanocubes and nanoparticles 
Particle formation and their morphologies were monitored from TEM. As shown 
in Figure 19, TEM images of the initial Cu2+ solution only shows crystal-like structures. 
The images taken just after the PVP addition remains the same. With the addition of 
sodium borohydride, as the reaction progresses these crystals generate large number of 
small particles with an average size of ~ 5 nm within 5 minutes. The first appearance of 
truncated cubes was observed within 10 minutes during the addition of NaBH4. However, 
these truncated nanocubes were mostly surrounded by highly populated small particles. 
As the addition of NaBH4 proceeds, the nanocube formation was clearly visible at 40 
minutes of reaction time, where the well-defined Cu nanocubes were resulted. Finally, 
the well-dispersed Cu nanocubes were yielded after the complete addition time of 50 
minutes. The edges of the most of the formed nanocubes were observed to be smooth. It 
is apparent that PVP plays an important role in minimizing aggregation while acting as a 
shape controller. The steric repulsion of surface bound PVP prevents these nanocubes 
from aggregation. The complete addition of NaBH4 within 50 minutes produces well 
dispersed Cu nanocubes with average edge length of ~ 130 nm. Centrifugation separated 
the small nanoparticles as a solid precipitate, while PVP capped nanocubes remain in the 
supernatant. These nanocubes were isolated as a brown solid by evaporating the 
supernatant. 
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Figure 19: TEM images taken at different time intervals in the presence of PVP (a) Initial 
Cu2+ solution;(b) Just after PVP added (c) at 5min; (d) 10 min; (e) 15 min; (f) 30 min; (g) 
40 min; (h) 50 min during the addition of NaBH4 
4.1.6 Summary 
Cu nanocubes were synthesized from a chemical reduction method which 
performed in an aqueous medium under a short period of time using environmentally 
friendly mild reducing agents. In order to control the morphology of Cu nanostructures, 
different reaction parameters were evaluated. In this process, different molar ratios of the 
precursor to reducing agent, and different addition rates of the reducing agent were 
studied. First the molar ratios of the precursor and reducing agent were evaluated and 
confirmed that the optimized molar ratio to synthesize well-defined Cu nanocubes was 
1:2 ratio of the precursor: reducing agent. The different addition rates of the reducing 
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agent were also evaluated for the formation of copper nanostructures. These results 
indicated that 0.10 mL/min addition rate which is the 50 minute of addition time 
produced nanocubes of 100±35 nm in average length with controlled morphology. The 
copper nanocubes formation was further confirmed by UV-visible spectral data, powder 
XRD and SAED analysis.  
The effect of the PVP as a capping agent for this synthesis process was also 
studied. With the optimized procedure, PVP-capped nanocubes were also prepared 
successfully. 
4.2 Synthesis of Iron nanoparticles, nanochains and nanocomposites  
4.2.1 Overview 
Iron based nanostructures have been known as one of the metal nanostructures 
intensively synthesized and examined for a variety of applications.107-110 These 
nanostructures are of interest as potential candidates for pharmaceutical, magnetic, 
electrical and environmental applications. In particular, the potential applicability of iron 
nanostructures has been advancing due to their promising optical, magnetic and electrical 
properties. Hence, evolving novel synthesis methods to fabricate such nanostructures and 
their organic-metal hybrids will advance large-scale nanomaterials synthesis with 
environmentally friendly manner. Here we explore a promising synthesis method to form 
iron nanoparticles and nanochains developed using the optimized experimental 
conditions utilized to produce copper nanostructures.  By adapting the chemical reduction 
method described in the previous project, iron nanostructures were prepared from 
iron(III) chloride hexahydrate in the presence of sodium borohydride as the reducing 
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agent under inert gas atmosphere. The experimental procedure was optimized by 
changing major parameters: the molar ratios of precursor to reducing agent.  
The formation of metal-organic hybrid nanostructures was also demonstrated 
during this thesis work by grafting an organic semiconducting polymer, poly(3-
hexylthiophene)carboxylic acid (P3HT- COOH) with the forming nanostructures. Iron 
nanoparticles and nanochains were characterized by transmission electron microscopy 
(TEM) and X-ray powder diffraction analysis. The photophysical properties of the 
polymer coated nanostructures were also evaluated using the UV-Visible spectroscopy. 
Moreover, FT-IR analysis of the produced surface grafted nanomaterials were also 
performed. The method established under this thesis may have a promise for 
manufacturing Iron nanoparticles and nanochains in an aqueous phase at room 
temperature in an environmentally friendly manner. Further this process also can be 
classified as a greener method which is immensely demanded in current synthesis of 
metal nanostructures. 
4.2.2 Effect of Fe3+:NaBH4 molar ratio on Iron nanoparticles and nanochains synthesis 
The molar ratio dependence of the reactants of the Iron nanostructure synthesis 
was examined by conducting a series of reactions only varying the Fe3+:NaBH4 molar 
ratio values as 1:1, 1:2, 1:2.5,1:3,1:3.5,1:4,1:4.5 and 1:5, while maintaining an eight 
minutes NaBH4 addition time (0.62 mL/min addition rate for eight minutes) followed by 
another 30 minutes reaction time (total 38 minutes). The outcomes of these trials are 
summarized in Table 4 and they clearly reveal that the molar ratio between the precursor 
and reducing agent plays an important role in controlling the morphologies (size and 
shape) of the produced nanostructures. 
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Table 4: The effect of Fe3+:NaBH4 molar ratio on Fe nanoparticle and nanochains 
synthesis. 
 
 
 
 
 
 
 
 
 
 
 
Maintaining an eight minute NaBH4 addition time was considered important in 
these trials as it produces both the nanoparticles and nanochains. The progression of the 
proceeding trials was monitored using TEM images taken at the final solution mixture 
before the centrifugation and the centrifuged solid dispersed in deionized water. 
Trial 
# 
Molar ratio 
of 
Fe+3:NaBH4 
Dimensions of nanostructures 
12 1:1 Nanochains- width up to 90 nm (Avg~40 nm) and average 
length of non-aggregated chains~1 µm 
Nanoparticles- Average size~50 nm 
13 1:2 Nanochains- width up to 110 nm (Avg~60 nm) and 
average length of non-aggregated chains ~1.5 µm 
Nanoparticles- Average size ~65 nm 
14 1:2.5 Nanochains- width up to 200 nm (Avg~75 nm) and 
average length of non-aggregated chains ~2 µm 
Nanoparticles- Average size ~110 nm 
15 1:3 Nanochains- width up to 250 nm (Avg~100 nm) and 
average length of non-aggregated chains~2.1 µm 
Nanoparticles- Average size ~160 nm 
16 1:3.5 Nanochains- width up to 210 nm (Avg~110 nm) and 
average length of non-aggregated chains ~2.7 µm 
Nanoparticles- Average size ~170 nm 
17 1:4 Nanochains- width up to 350 nm (Avg~160 nm) and 
average length of non-aggregated chains~1.7 µm 
Nanoparticles- Average size~180 nm 
18 1:4.5 Nanochains- width up to 350nm (Avg~110 nm) and 
average length of non-aggregated chains ~2 µm 
Nanoparticles- Average size ~150 nm 
19 1:5 Nanochains- width up to 190nm (Avg~80 nm) and average 
length of non-aggregated chains ~2.7 µm 
Nanoparticles- Average size ~130 nm 
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Figure 20 illustrates the outcomes of Trial 12 carried out maintaining the 
Fe3+:NaBH4 molar ratio as 1:1. The final solution mixture (after 38 minutes) exposed 
only the presence of partially formed or deformed nanochains. However, the final solid 
isolated by centrifugation and repeated washing with deionized water displays clusters of 
small partially formed nanoparticles along with attached chains in the TEM images taken 
by dispersing the solid in deionized water. These attached nanochains were low in 
concentration. 
Figure 20: TEM images taken for Trial 12(Fe3+:NaBH4 molar ratio 1:1) for, (a) 38 min 
solution; (b) Centrifuged solid re-dispersed in DI-water 
The above reaction proceeds with a low concentration of the reducing agent 
which minimizes the formation of Fe(0) nuclei via the reduction of Fe3+. Less abundance 
of the nuclei minimizes their frequent collision and the growth process via coalescence 
which results in the partially grown particles. As these assemble into chains through 
magnetic and van der Waal forces, partially grown chains appears. However, with the 
solution being concentrated during the centrifugation, these chain structures and particles 
could be clearly observed. 
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Fe3+:NaBH4 molar ratio of 1:2 was maintained in Trial 13 where final solution 
mixture indicated an increase in the amount of  chains that appeared in TEM images 
(Figure 21) compared to the previous trial. Slight increase in chain widths were also 
detected. Images recorded by re-dispersing the centrifuged washed solid in water 
revealed the presence of chain structures assembled by particles along with few 
independent particles. 
Figure 21: TEM images taken for Trial 13(Fe3+:NaBH4 molar ratio 1:2) for, (a) 38 min 
solution; (b) Centrifuged solid re-dispersed in DI water 
The increase in reducing agent concentration lead to generate more Fe nuclei and 
thereby increase the frequent collision and growth via coalescence. This results in a slight 
increase in dimensions of the fabricated nanoparticles which is clearly visible in width of 
the chains assembled from these particles. With the solution being concentrated during 
the centrifugation, these chain structures and particles could be clearly observed. 
Magnetic nature of these nanostructures aggregates these in to bulk structures during the 
centrifugation. 
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Trial 14 was implemented with Fe3+:NaBH4 molar ratio as 1:2.5 while adding 
NaBH4 to Fe
3+ solution within eight minutes. Final solution and the re-dispersed isolated 
solid both show the presence of nanochains and free particles. Some of the particles 
appeared to be more spherical in shape and both particle diameter and chain width 
observed to be increased further. The TEM images of the reaction are shown in Figure 
22. 
Figure 22: TEM images taken for Trial 14(Fe3+:NaBH4 molar ratio 1:2.5) for, (a) 38 min 
solution; (b) Centrifuged solid re-dispersed in DI water 
The observations revealed that increasing the initial concentration of NaBH4 in 
the reaction mixture further by increasing the concentration of feeding NaBH4 solution, 
increases the nucleation rate and initial concentration of nuclei in solution mixture where 
collisions between clusters becomes more frequent compared to the previous trial. This 
amplified growth rate yields more grown nanoparticles and nanochains assembled by 
magnetic interactions of those particles.  
The results of Trial 15 are depicted in Figure 23, where the Fe3+:NaBH4 molar 
ratio of 1:3 was evaluated. The trial indicated a slight increase in the presence of 
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spherical particles along with the nanochains than the previous trial. The dimensions of 
these nanostructures (particle diameter and chain width) appeared to be further increased.  
Figure 23: TEM images taken for Trial 15(Fe3+:NaBH4 molar ratio 1:3) for, (a) 38 min 
solution; (b) Centrifuged solid re-dispersed in DI water 
The increase in the amount of spherical particles and both the particle diameter 
and chain width could be detected in Trial 15 as a result of enhanced nucleation and 
growth rates. Increasing the NaBH4 concentration three times favors the abundance of 
more Fe(0) nuclei by reducing Fe3+ in the solution which facilitate the growth by 
coalescence as a result of more frequent collisions between clusters formed by these 
nuclei.  
Trial 16 was performed with Fe3+:NaBH4 molar ratio at 1:3.5, and the relevant 
outcomes are depicted as TEM images in Figure 24. The availability of spherical particles 
detected to be noticeably increased and more of these appeared in assembled nanochains. 
Moreover, the images also concluded a further increase in particle diameter and chain 
width.  
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Figure 24: TEM images taken for Trial 16 (Fe3+:NaBH4 molar ratio 1:3.5) for, (a) 38 min 
solution; (b) Centrifuged solid re-dispersed in DI water 
The continuous addition of a reducing agent 3.5 times higher in concentration 
than the precursor within eight minutes produces large amounts of reduced monomers 
exceeding the super saturation level which will yield a higher amount of nuclei. As a 
result, increased collisions and growth rate facilitate the formation of more organized 
spherical particles where inherent magnetic interactions assemble these into nanochains. 
The existence and availability of more spherical particles convey that the growth rate is 
near the optimum value.  
The optimized reaction was conducted in Trial 17, where Fe3+:NaBH4 molar ratio 
was maintained at 1:4. As shown in TEM images in Figure 25 , the end product of this 
trial consisted of higher number of spherical particles and the nanochains assembled from 
those particles. A size distribution of particles could also be detected. 
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Figure 25: TEM images taken for Trial 17(Fe3+:NaBH4 molar ratio 1:4) for, (a) 38 min 
solution; (b) Centrifuged solid re-dispersed in DI water 
The dropwise addition of reducing agent 4 times higher in concentration than the 
precursor overcomes the supersaturation level of the produced monomers within a short 
time while accounts for a higher nucleation rate, in this case the optimum rate. The 
collisions between clusters reaches their most favorable conditions to achieve the 
optimum growth conditions. The final result of this overall process leads to forming more 
organized spherical nanoparticles which will later assemble into chains via magnetic 
interactions. The initially formed nuclei grow into larger particles whereas later formed 
nuclei grow into smaller particles with time resulting a size distribution of particles.  
Fe3+:NaBH4 molar ratio of 1:4.5  was maintained in Trial 18 where crowded 
aggregated nanochain structures were observed in the final TEM images. The population 
of free particles detected to be decreased along with the particle diameter and chain 
width. The outcomes of the trial are displayed in Figure 26. 
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Figure 26: TEM images taken for Trial 18(Fe3+:NaBH4 molar ratio 1:4.5) for, (a) 38 min 
solution; (b) Centrifuged solid re-dispersed in DI water 
Exceeding the optimum rate of nucleation through increasing the reducing agent 
concentration produces high population of nuclei in a compact volume within a short 
period of time, which accounts for a higher collision rate. The strong inherent magnetic 
interaction of these particles, assemble these into nanochains at an earlier stage of growth 
compared to the previous trials resulting in a decrease in chain width. These chains will 
later aggregate into bulk structures which are visible in final TEM images.  
The highest molar ratio of 1:5 between Fe3+:NaBH4 was evaluated in Trial 19, and 
the outcomes are depicted in Figure 27 as TEM images. The final reaction mixture and 
the isolated solid product exhibits the presence of highly aggregated chain structures in 
the relevant TEM images, where independent particles were rare to observe. 
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Figure 27: TEM images taken for Trial 19(Fe3+:NaBH4 molar ratio 1:5) for, (a) 38 min 
solution; (b) Centrifuged solid re-dispersed in DI water 
The highest nucleation rate resulted from the highest reducing agent concentration 
accounting for the faster chain formation and aggregation of these in to bulk structures. 
The higher population of nuclei available in earlier stage of the trail will facilitate their 
growth into particles and assembly into chains via more frequent collisions, coalescence 
along with magnetic interactions. As this result in earlier than the all previous trials a 
decrease in chain width could be noticed due to existence of less grown particles.  
The evaluation of the dependency of molar ratios on iron nanostructure synthesis 
indicated maintaining a 1:4 molar ratio of Fe3+:NaBH4 is critical to fabricate well defined 
spherical nanoparticles, and their assembly into nanochains. The lower molar ratios result 
in less growth rates where less grown particles and chains are produced, whereas higher 
molar ratios account for highly aggregated bulk structures with less abundance of 
nanoparticles and nanochains. 
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4.2.3 Synthesis and characterization of iron nanoparticles and nanochains under 
optimized conditions 
Iron nanoparticles and nanochains were fabricated by reducing iron(III) chloride 
hexahydrate precursor with Sodium borohydride in deionized water under an inert gas 
protection. The formation of Fe nanostructures follows the chemical reaction represented 
in Scheme 3. In the optimized procedure, 0.087 mol/L iron(III) chloride hexahydrate 
solution was reduced using NaBH4, by maintaining the molar ratio of the precursor to 
NaBH4 at 1:4. 
Scheme 3: Typical reaction for Iron nanoparticles and nanochains synthesis. 
In the optimized process, sodium borohydride was added to an aqueous solution 
of iron(III) chloride hexahydrate, maintaining an addition rate of 0.62 mL/min over eight 
minute time period. With the progression of the reaction over 38 minutes, the color of the 
solution mixture changed from an initial yellow, to brown, and finally to black. The final 
product was isolated by repeated centrifugation and washing with deionized water 
followed by drying under vacuum conditions. 
4.2.3.1 Morphology of the Iron nanoparticles and nanochains 
The morphology of the nanostructures formed in this reaction was assessed by 
evaluating the transmission electron microscope (TEM) images taken at the reaction 
completion time (38 minutes) and the re-dispersed isolated solid in deionized water as 
represented in Figure 28.  
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Figure 28: TEM images of iron nanoparticles and nanochains after the total reaction time 
of 38 minutes (a) before centrifuged, and (b) Centrifuged solid re-dispersed in DI water. 
TEM images revealed the presence of a higher number of free spherical 
nanoparticles along with nanochains. This observation can be explained by the nucleation 
and cluster growth phenomena. As NaBH4 is added at a higher rate of 0.62 mL/min, the 
reduction of Fe3+ into metallic Fe accelerates, exceeding the supersaturation level and 
forms Fe nuclei in higher concentration. This accounts for a higher growth rate through 
the coalescence and frequent collisions of clusters, which will result in a higher 
population of nanoparticles. The chain formation initiates due to ferromagnetic property 
and van der Waal forces of nanocrystals and refrains from breaking back to particles. The 
centrifuged washed solid shows more chain structures, compared to the solution before 
centrifuge. The final product consisted of nanoparticles with 180 nm in average diameter, 
and chains with 160 nm in average width and 1.70 µm in average length. 
4.2.3.2 Evaluating crystallinity of the Iron nanoparticles and nanochains 
The crystal packing of iron nanoparticles and nanochains were studied using the 
wide angle powder X-ray diffraction method. Figure 29 shows the X-ray diffraction 
pattern of a powdered sample of Fe nanoparticles and nanochains.  Diffraction patterns of 
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[110] and [211] planes confirms the presence of α-Fe (the body centered cubic) crystal 
structure in these products.17 
Figure 29: X-ray diffraction pattern of the Fe nanoparticles and nanochains 
4.2.4 Coating of the Iron nanoparticles and nanochains with a semiconducting polymer 
Under the optimized reaction conditions, P3HT coated iron nanoparticles and 
nanochains were fabricated by the reaction between iron(III) chloride hexahydrate to 
sodium borohydride molar ratio at 1:4. Prior to the synthesis, P3HT carboxylic acid was 
converted in to the P3HT carboxylate ion in order to facilitate the incorporation to the 
reaction (Scheme 4).  
Scheme 4: Conversion of P3HT carboxylic acid to P3HT carboxylate anion 
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In the typical synthesis, sodium borohydride was added to an aqueous solution of 
iron(III) chloride hexahydrate and P3HT carboxylate ions. The process maintained an 
addition rate of 0.62 mL/min over an eight-minute period for the reducing agent and 
allowed it to stand under the same conditions for another 30 minutes. The color of the 
reaction medium changed from its initial yellow, to dark red, to brown, and to the final 
color of brown-black. The final product was isolated by repeated centrifugation and 
washing with ethanol and chloroform. 
4.2.4.1 Photophysical properties of the P3HT coated iron nanoparticles and nanochains 
The photophysical properties of the P3HT coated Fe nanostructures were 
evaluated by differentiating the UV-Visible spectrum of the final product dispersed in 
chloroform with the original P3HT carboxylic acid solution and uncoated Fe 
nanostructures as shown in Figure 30. 
Figure 30: UV-Visible spectrum variation of original P3HT carboxylic acid, uncoated Fe 
nanostructures and P3HT carboxylate coated iron nanoparticles and chains. 
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The UV-Visible absorption spectra of the original P3HT carboxylic acid solution 
shows a single absorption band with a maximum around 450 nm. This band is 
characteristic of the absorption of an isolated conjugated polymer chain in a solution.111 
The uncoated Fe nanoparticles and chains did not show any detectable peak in their UV-
Visible spectrum. However, the P3HT carboxylate coated Fe nanoparticles and chains 
displayed a slightly displaced maximum, around 450 nm, accounting for both the 
characteristic behaviors of uncoated Fe nanostructurs and P3HT carboxylic acid 
separately. The appearance of this peak indicates the presence of P3HT carboxylate on 
these Fe nanoparticles and nanochains. 
4.2.4.2 Morphology of the P3HT coated iron nanoparticles and nanochains 
The formation of P3HT coated Fe nanoparticles and nanochains were monitored 
under transmission electron microscope and the TEM images taken at different occasions 
are shown in Figure 31. 
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Figure 31: TEM images of the P3HT coated Fe nanoparticles and nanochains synthesis 
process, (a) Just after NaBH4 complete addition (b) 38 min solution; (c) Centrifuged solid 
re-dispersed in ethanol; (d) Centrifuged solid re-dispersed in ethanol at high resolution. 
The solution mixture just after the complete addition of NaBH4 shows mainly the 
isolated spherical nanoparticles along with few spherical particles arranged into chains. 
Once the solution mixture reached its complete reaction time, a higher population of 
aggregated nanochains and nanoparticles could be observed, which were surrounded by 
polymer layers. Finally, the isolated solid dispersed in ethanol shows a thin coated layer 
of about 3 nm in thickness around these nanoparticles and nanochains. The average 
nanoparticle diameter (~110 nm) and the average chain width (~90 nm) of the produced 
nanostructures were observed to be reduced compared to the non-coated reaction. 
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P3HT carboxylate binds to the surface of iron nanoparticles and nanochains via 
the electron-rich, negatively charged “O” atom through non-covalent, metal-organic 
interactions. The higher addition rate of NaBH4 to a solution containing Fe
3+ and P3HT 
carboxylate ions initially promotes the formation of a large number of metallic Fe nuclei 
and facilitates their growth by coalescence and higher collision rate of the formed 
clusters. Along with nanostructure formation, the negatively charged carboxylate ions 
binds to the surface of these forming nanostructures, and further growth is controlled by 
forming a polymeric layer around these structures. Therefore, a notable difference in the 
average chain width or average particle diameter could not be observed throughout the 
entire reaction. However, a notable increase in the concentration of these structures can 
be observed over time. The strong magnetic interaction of produced, closely located 
nanoparticles can penetrate through this P3HT layers and assemble into nanochains, 
which are surrounded by a semiconducting polymer layer.   
4.2.4.3 FT-IR analysis of the P3HT coated Iron nanostructures. 
To examine the presence of P3HT on iron nanostructures as a grafted material, 
FT-IR spectra was recorded for P3HT grafted Fe nanostructures (Figure 32). The 
intensity of the observed peaks were low. However, the results indicated the presence of 
peaks for the C=O stretching of carboxylic acid at 1747 cm-1, S-C stretching of thiophene 
at 1214 cm-1 and variable C-H bending of alkane at 1369 cm-1. The majority of the other 
peaks were not clearly visible due to the low intensity. However, the shift of C=O bond 
stretching to a higher wavenumber than its actual range (1700-1725 cm-1) and the 
absence of a strong broad peak around 2500-3000 cm-1 that corresponds to the O-H bond 
73 
 
stretching of carboxylic acids may result by the grafting of P3HT to iron nanostructures 
from COO- groups. 
Figure 32: FT-IR spectra of P3HT grafted iron nanostructures 
4.2.5 Summary 
Fe nanoparticles and nanochains were synthesized by applying the chemical 
reduction method through a newly developed procedure at room temperature, in an 
aqueous medium, over a short period of time, and in an environmentally friendly manner. 
The morphology control of these Fe nanostructures was achieved by evaluating the 
different molar ratios of the reactants where the molar ratio of 1:4 for precursor: reducing 
agent was found to be the optimum conditions to fabricate well-defined spherical 
nanoparticles and nanochains. The optimum conditions yielded nanochains in ~160 nm 
average width and ~1.7 µm in length. The produced nanoparticles were ~180 nm in size. 
In order to enhance the electrical characteristics of the produced nanostructures, a 
semiconducting polymer, P3HT was introduced via a surface grafting method. These 
surface grafted nanocomposites were successfully synthesized with a 3 nm thickness 
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polymer layer around nanostructures where a decrease in nanoparticle diameter and chain 
width was observed. The incorporation of P3HT as a semiconducting layer accounts to 
increase electrical properties, making these nanomaterials a valuable, low-cost candidate 
for electrical devices. 
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CONCLUSION 
New methods for the preparation of Cu nanocubes, Fe nanoparticles, and Fe 
nanochains were developed in this work. The method developed here can be used to 
synthesize Cu nanocubes in an aqueous phase within a short period of time at room 
temperature without incorporating the capping agents via chemical reduction method. 
These nanocubes were obtained with a controlled morphology (shape and size). The 
reduction of the precursor, copper(II) chloride produces Cu(0) nuclei followed by the 
growth under controlled environment to form well-defined metal clusters. The 
experimental condition developed is proven reproducible for Cu nanocube synthesis. The 
formation of Cu nanocubes were captured from UV-visible spectroscopy traces and 
indicated as a gradual shifting of absorption maxima at 800 nm to 590 nm, which 
confirmed the formation of copper nanostructures. The morphologies and structural 
properties of these Cu nanocubes were studied under TEM, which showed well-dispersed 
Cu nanocubes with average edge length of 100±35 nm. The crystalline arrangement of 
these nanocubes was also studied and indicated the presence of [220], [200] and [111] 
planes confirming the cubic crystal packing. According to the abundance of these planes, 
the ratio between [200] and [111] plane diffraction intensities were 0.30, indicating that 
the diffraction of [111] plane is more dominant than [200] planes, which ultimately 
demonstrate that more cubes were hexagonally oriented than parallel oriented to the 
supporting substrate. Further, the effect of PVP as a capping agent was investigated. In 
the presence of PVP, well-dispersed truncated nanocubes were formed in the size rage of 
50-150 nm with an average cube length of 135 nm. The properties of Cu nanocubes agree 
well with the Cu nanocubes produced under the other methods reported in literature. 
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These results indicate that Cu nanocubes are promising materials to form Cu films for 
electric device applications. Further, in a more developed method, these can be 
incorporated in to polymers to produce hybrid nanocomposites. 
This thesis further developed a procedure that can be utilized to synthesize Fe 
nanoparticles and nanochains in an aqueous phase within a short period of time at room 
temperature without using the capping agents. Fe nanoparticles and chains were also 
fabricated using a developed chemical reduction method and were obtained with a 
controlled morphology (shape and size). Under optimized experimental conditions, Fe 
nanoparticles with an average size of 180 nm and nanochains with average width of 160 
nm and average length of 1.7 µm were able to be prepared successfully. Under XRD, the 
crystalline arrangement of the powdered sample of Fe nanoparticles and nanochains 
indicated the presence of [110] and [211] planes, confirming the presence of α-Fe (the 
body centered cubic) crystal structure. The developed synthesis method was modified 
further to produce P3HT coated Fe nanoparticles and nanochains. Under this method, 
nanoparticles with 110 nm in average size and nanochains with 90 nm average width 
were fabricated with a 3 nm shell thickness of P3HT carboxylate layer. The 
photophysical properties of these nanocomposites were studied and confirmed the 
successful grafting of P3HT from the peak absorption at 450 nm. Moreover, FT-IR 
analysis results further confirmed the presence of a P3HT layer on these nanomaterials.  
As P3HT is a semiconducting polymer, it will further enhance the electrical 
characteristics of Fe nanostructures and may have promise for electronic device 
applications.  
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